Lunar meteorite Northwest Africa (NWA) 2977 is identified as an olivine cumulate gabbro (OC), consisting of coarse cumulate olivine crystals up to 1 mm with low-Ca and high-Ca pyroxenes, plagioclase, and interstitial incompatible element-rich pockets of K-feldspar, Ca-phosphates, ilmenite, and troilite. These minerals and textures are similar to those of the OC clasts of the NWA 773 clan of meteorites. NWA 2977 contains a variety of pyroxene textures and compositions including augite, pigeonite, and rare orthopyroxene, all having exsolution lamellae. Some of the orthopyroxene has abundant augite lamellae with compositions indicating formation by inversion of pigeonite. This pigeonite was inverted at 1140°C according to the pigeonite eutectoid reaction (PER) temperatures. Inverted pigeonite has not been found previously in the NWA 773 clan of meteorites. The presence of inverted pigeonite indicates that NWA 2977 cooled more slowly than most other OC clasts of the NWA 773 clan. The relatively slow cooling of NWA 2977 can be explained by formation in a deeper level of the original igneous body of the NWA 773 clan OC lithology.
Background
Apollo and Luna mare basalt samples indicate that lunar mare volcanism was active at least from 4.3 to 3.2 Ga, after feldspathic crustal formation (e.g., Spudis and Pieters 1991; Nyquist and Shih 1992; Shearer et al. 2006) . However, the radiogenic ages of basaltic lunar meteorites extend the duration of mare volcanism to younger ages ≤3 Ga. Borg et al. (2009) reported Nd-Sm crystallization ages of 2.993 ± 0.032 Ga for an olivine cumulate gabbro (OC) clast from the basaltic breccia Northwest Africa (NWA) 773 and 2.931 ± 0.092 Ga for mare basalt NWA 032; Wang et al. (2012) gave a Pb-Pb crystallization age of 3.073 ± 0.015 Ga for Zr-rich minerals in mare basalt NWA 4734; Anand et al. (2006) reported a U-Pb age of 2.929 ± 0.15 Ga for phosphates in mare basalt LaPaz Icefield (LAP) 02205. These younger ages are consistent with the model ages based on crater counts from mare surfaces (Hiesinger and Head 2006) . The presence of mare surfaces younger than ≤3 Ga has been verified by Morota et al. (2011) in the Procellarum KREEP Terrane (PKT), where incompatible elements such as K, Th, and U and rare earth elements (REE) are highly concentrated (Jolliff et al. 2000) . Meteoritic and remote sensing data also include geochemical and petrological information not obtained from the samples returned from the Apollo missions (e.g., Jolliff et al. 2000; Korotev 2005; Nagaoka et al. 2014; Ohtake et al. 2012) . These young basaltic lunar meteorites could provide a key to understanding the petrogenesis of younger mare volcanism.
Lunar meteorite NWA 2977 is an OC that is texturally and mineralogically similar to the OC clasts found in the NWA 773 clan (e.g., Bunch et al. 2006; Fagan et al. 2003; Jolliff et al. 2003; Zhang et al. 2011) .
Whereas the NWA 773 meteorite contains the OC lithology as clasts in a breccia, NWA 2977 is a 233-g stone consisting entirely of OC (Connolly et al. 2006) . Previous studies, including our work, have used minerals and textures to conclude that the OC of NWA 2977 is part of the NWA 773 clan (Bunch et al. 2006; Nagaoka et al. 2010 Nagaoka et al. , 2011 Zhang et al. 2011) . In addition to their petrologic affinities, NWA 2977 and NWA 773 both have bulk rock chemical compositions with similar KREEP-like REE patterns (Fagan et al. 2003; Jolliff et al. 2003; Nyquist et al. 2009; Zhang et al. 2011) . The pairing of NWA 2977 with NWA 773 is supported further by similar isotopic ages that are relatively young for lunar rocks. The radiogenic isotope data from the NWA 773 OC include a 147 Sm/ 143 Nd age of 2.993 ± 0.032 Ga (Borg et al. 2009 ), an 40 Ar-39 Ar step-heating age of approximately 2.91 Ga (Fernandes et al. 2003) , and 207 Pb analyses of baddeleyite crystals indicating an age of 3.131 ± 0.012 Ga (Shaulis et al. 2013) . The radiogenic ages of NWA 2977 include whole-rock ages of 2.77 ± 0.04 Ga for Ar-Ar (Burgess et al. 2007 ), 3.10 ± 0.05 Ga for Nd-Sm, 3.29 ± 0.11 Ga for Rb-Sr (Nyquist et al. 2009 ), and 3.12 ± 0.01 Ga for Pb-Pb baddeleyite (Zhang et al. 2011) . Therefore, the similarities in texture, mineralogy, whole-rock geochemistry, and radiogenic age support the inference that NWA 2977 and NWA 773 are paired (Bunch et al. 2006; Nagaoka et al. 2010 Nagaoka et al. , 2011 Zhang et al. 2011) . Breccias of the NWA 773 clan contain a variety of mafic clasts, including the OC (Bunch et al. 2006) . The OC lithology has one of the youngest crystallization ages among lunar samples collected (e.g., Borg et al. 2009; Nyquist et al. 2009; Zhang et al. 2011 ). Many of the breccia clasts are considered to be parts of a comagmatic crystallization sequence, with the OC representing an early stage of magmatic differentiation (Fagan et al. 2003 (Fagan et al. , 2014 Jolliff et al. 2003) .
The major objective of this paper is to investigate the formation of NWA 2977 in the context of an evolving lunar magmatic system. One key in the interpretation of its OC formation conditions is the presence of primary pigeonites inverted to augite and orthopyroxene or inverted pigeonite (Nagaoka et al. 2011) . Pyroxene compositions and textures indicate the evolutionary history of their formations based on crystallization temperature, pressure, cooling rate, and melt composition. Pyroxene textures derived from inverted pigeonite have been observed in some samples returned by the Apollo missions (e.g., James et al. 2002; Papike and Bence 1972; Takeda 1973; Takeda and Miyamoto 1977) . Inverted pigeonites require slow cooling consistent with crystallization at depths of a few kilometers (Papike and Bence 1972) . Such inversion has not been reported in other portions of NWA 2977 and other paired rocks of the NWA 773 clan. In this paper, we report the mineralogy and petrology of NWA 2977, particularly the pyroxene textures and compositions including the inverted pigeonite, to discuss its formation conditions for a better understanding of the lunar igneous activity of the young NWA 773 clan.
Methods
A 382-mg slice of NWA 2977 was divided into two pieces labeled NWA 2977 01 and 02. A polished thin section (PTS) labeled PTS 01-1 was prepared from a 179-mg sample NWA 2977 01 and was examined by using petrographic microscopes (Nagaoka et al. 2010 (Nagaoka et al. , 2011 . A thin section-scale backscattered electron (BSE) image and X-ray elemental maps were obtained by using a JEOL JXA-8900 electron probe microanalyzer (EPMA) at Waseda University. Elemental maps of Na, Mg, Al, Si, P, S, K, Ca, Ti, Cr, and Fe Kα were collected with a 15-kV, 5.0 × 10 −8 A, 1-μm-diameter electron beam with a 5-μm step size. The images were adjusted and combined by using Adobe Photoshop®; this program was also used to estimate the modal abundances of minerals from elemental maps covering approximately 10 × 7 mm 2 in PTS 01-1. The quantitative chemical compositions of the minerals in PTS 01-1 were analyzed by using a JEOL JXA-8900 EPMA at the Atmosphere and Ocean Research Institute (AORI), University of Tokyo, with an accelerating voltage of 15 kV and a probe current of 1.2 × 10 −8 A. All EPMA data reported in this study have analytical totals of 97-103 wt% and show close fits to the mineral stoichiometries. We used the Bence-Albee method (e.g., Bence and Albee 1968) to correct for interferences and fluorescence. For quantitative analyses, we used well-characterized standards for oxides such as periclase, corundum, rutile, FeO, MnO, Cr 2 O 3 , and P 2 O 5 and silicates such as wollastonite, albite, and K-feldspar.
Results and discussion
Our sample of NWA 2977 consists entirely of an OC dominated by olivine, low-Ca pyroxene, high-Ca pyroxene, and plagioclase, as described initially by Bunch et al. (2006) and in greater detail by Zhang et al. (2011;  Fig. 1 ; Table 1 ). Almost all of the lowCa pyroxene in our sample consists of pigeonite, although orthopyroxene was identified in one part of our PTS. Large, juxtaposed, subhedral to euhedral grains of olivine up to 1.0 mm across with pyroxene and plagioclase filling interstices indicate the cumulus nature of olivine (Fig. 1b, c) . Twin lamellae were identified in some of the plagioclase grains (Fig. 1b) , indicating the preservation of plagioclase crystallinity through shock processing on the lunar surface. Zhang et al. (2011) also reported that this meteorite recorded local shock metamorphism (S3-S6). Our microscopic observations revealed micrometer-to submicrometer-scale exsolution lamellae in pigeonite and augite grains (Fig. 1d) . Furthermore, in one part of the sample, we identified blebs of augite distributed with common orientation in the host orthopyroxene (inverted pigeonite), as shown in Fig. 1c , e and Appendix. K-feldspar, Ca-phosphate, troilite, and oxides including ilmenite, Cr-spinel, and baddeleyite are present in the PTS in minor concentrations (Table 1) . The K-feldspar crystals occur with Ca-phosphate, ilmenite, and troilite, all as relatively fine crystals in small domains surrounded by coarse-grained mafic silicates and plagioclase. Similar K-feldspar-rich domains in NWA 773 OC have been referred to as intercumulus pockets and are interpreted as products of crystallization from incompatible element-rich residual liquids trapped in the interstices between early formed mafic silicates (e.g., Fagan et al. 2014) . For these silicates, the euhedral to subhedral shapes of olivine crystals indicate that olivine crystallized first, followed by pyroxene and plagioclase, which enclosed the olivine. Zhang et al. (2011) reported a similar crystallization sequence of minerals in NWA 2977, although they did not report pyroxene exsolution lamellae.
The modal abundances of our sample of OC are very similar to the abundances obtained by Bunch et al. (2006) from a different sample of NWA 2977 and by Jolliff et al. (2003) from NWA 773 (Table 1) . Our sample has less low-Ca pyroxene and more olivine and plagioclase than the NWA 2977 OC studied by Zhang et al. (2011) and has more low-Ca pyroxene and less olivine than the NWA 773 OC studied by Fagan et al. (2003) . The differences between these modal abundances are likely attributed at least in part to a heterogeneous distribution of coarse minerals in the OC lithology, as discussed in Zhang et al. (2011) .
The mineral compositions obtained by our EPMA analysis are presented in Tables 2 and 3 (Fagan et al. 2003 (Fagan et al. , 2014 Jolliff et al. 2003) and from previous work on NWA 2977 (Zhang et al. 2011 ; Tables 2 and 3) . Because submicrometer-scale exsolution lamellae occur in both pigeonite and augite host grains, many of the pyroxene analysis results likely reflect mixtures of high-Ca and low-Ca pyroxene compositions.
In addition to pigeonite and augite, orthopyroxene (average Wo 5 En 70 Fs 25 ) occurs in one part of our PTS. The orthopyroxene hosts varying abundances of blebs of augite. In one orthopyroxene domain, the blebs of augite are abundant and share a common orientation ( Fig. 1c, e These results confirm that the texture is inverted pigeonite, which is formed by crystallization from liquid as pigeonite followed by inversion to augite + orthopyroxene during cooling. Thus, the types of pyroxene occurring in PTS 01-1 include (1) augite ± Ca-poor lamellae (Px 1, 2, 3); (2) pigeonite ± Ca-rich lamellae (Px 4, 5, 6, 7, 8) ; (3) orthopyroxene with few augite lamellae (Px 9); and (4) inverted pigeonite (Fig. 1c, e) . Figure 2 shows the compositions of Px 1 to Px 9. Inverted pigeonites have been found in the deepseated Mg-suite norite returned by the Apollo missions, such as the example in breccia 76255 (Takeda and Miyamoto 1977) . Inverted pigeonites were also found in clasts in polymictic breccias 14083 (Papike and Bence 1972) and 15459 (Takeda 1973) . However, no inverted pigeonites from Apollo mare basalts have been identified (e.g., Takeda 1973) . The occurrence of inverted pigeonite in the deep-seated rocks is consistent with the relatively slow cooling rate required for inversion (e.g., Papike and Bence 1972) . Figure 2 represents compositions of pyroxenes in NWA 2977 PTS 01-1 projected onto quadrilateral isotherms (Sack and Ghiorso 1994) . The Ca content of the primary augite suggests crystallization at 1100°C to 1000°C. Three types of pigeonite occur in our PTS: (1) inverted pigeonite (pigI); (2) uninverted pigeonite (pigII for Px 7, 8) with exsolution lamellae and a high Mg# of 77; and (3) uninverted pigeonite (pigIII for Px 4, 5, 6) with exsolution lamellae and a low Mg# of 72. The pigeonite eutectoid reaction (PER) line is the isobaric univariant line on which three phases coexist (Ishii 1975) . On the basis of the compositions of such pyroxenes in two lavas of known temperature in Japan, Ishii determined an approximate PER line as T = 1270-480 × X Fe , where T is the temperature in°C and X Fe is the atomic ratio of Fe/(Mg + Fe) of pigeonite prior to inversion. By using the Fe/(Mg + Fe) of the inverted pigeonite in NWA 2977, 0.265, a temperature of 1140°C was determined. The PER temperatures estimated from each Mg# are (1) T I = 1140°C for pigI, (2) 1150°C < T II < 1160°C for pigII, and (3) 1130°C < T III < 1140°C for pigIII. For the inverted pigeonite (pigI), the crystallization temperature of the primary pigeonite prior to inversion, at~1200°C, was slightly higher than its PER temperature of 1140°C, as shown in Fig. 2 . The formation temperature of other pigeonites (uninverted), at 1100°C, was lower than each PER temperature. The Ti/Al ratios of pyroxene indicate a crystallization order of pyroxene followed by plagioclase (e.g., Bence et al. 1970; Fagan et al. 2003; Zhang et al. 2011) . Early pyroxenes show Ti/Al close to or lower than 0.25, and late pyroxenes show higher Ti/Al. PigIII shows slightly higher Ti/Al ratios, at 0.14-0.32, than pigII, at 0.06-0.12. PigII crystallized prior to plagioclase, and pigIII crystallized after pigII. The crystallization sequence of pigeonite is consistent with their Mg# trend including a high Mg# of 77 for pigII and a low Mg# of 72 for pigIII. The variations in exsolution patterns of the pyroxenes may reflect subtle variations in the timing of crystallization, the cooling rate from location to location in the rock, and the effects of pyroxene Mg# on the inversion temperature.
The similar mineralogy, petrology, trace element composition, and young crystallization age of NWA 2977 and the OC of the NWA 773 clan support their pairing (e.g., Zhang et al. 2011; this work) . However, inverted pigeonite has not been identified in other (Papike and Bence 1972) . Therefore, the difference between their OC lithologies could reflect the distinct physical conditions of their crystallization, such as the temperature and cooling rate (e.g., Takeda 1973) . The NWA 2977 OC could have Fig. 2 Compositional variation of pyroxenes in lunar meteorite Northwest Africa (NWA) 2977 from polished thin section (PTS) 01-1 (red circles) projected onto quadrilateral isotherms (Sack and Ghiorso, 1994) . The fields were taken from Jolliff et al. (2003) . (Burgess et al. 2007) . A deeper source in the lunar regolith for NWA 2977 is consistent with our interpretation based on the petrology of NWA 2977 crystallization occurring at a deeper level than the NWA 773 OC. The slight differences in the Mg# of olivine and the cooling histories between OCs of NWA 2977 and the NWA 773 clan imply different crystallization conditions such as timing, crystallization depth, and temperature in the OC magmatic system. As previously discussed, the NWA 773 clan OC is younger than most lunar rocks in the present collection of Apollo and Luna samples and lunar meteorites. The heat source for melting could have been derived from natural radioactive elements in KREEP, as suggested by the incompatible element-rich signatures of all NWA 773 clan samples (e.g., Fagan et al. 2003; Jolliff et al. 2003; Nyquist et al. 2009; Zhang et al. 2011) . The NWA 773 clan may be associated with igneous activity at a young age of ≤3.0 Ga in the PKT region (e.g., Morota et al. 2011 ).
Conclusions
The lunar meteorite NWA 2977 is an OC that shares textural and mineralogical similarities with the olivine cumulate lithology of the NWA 773 clan of meteorites, as noted in previous work (Bunch et al. 2006; Zhang et al. 2011) . Various pyroxenes are observed including augite, orthopyroxene, primary pigeonite, and inverted pigeonite. The presence of inverted pigeonite, which requires a slow cooling rate, provides evidence for the NWA 2977 formation from early stage cumulates buried at levels deeper than those for NWA 773 OC, in which inverted pigeonite has not been reported. If NWA 2977 and NWA 773 were comagmatic, the inverted pigeonite and relatively magnesian composition of the olivine in NWA 2977 imply that this rock formed slowly at an earlier stage of crystallization at a deeper level than that of the NWA 773 clan OC. 
